Even though the editing function is well understood side. The structure of the ThrRS complex revealed the presence of an essential zinc ion in the catalytic site. in some class I synthetases, very little is known about the mechanism of discrimination of similar substrates To elucidate the role played by this ion in the catalytic domain, we solved two high-resolution crystal strucin class II enzymes. A very recent report on a class II enzyme, ProRS, indicates that both pretransfer and tures of an N-terminal truncated protein (␦N-ThrRS) in the presence of either threonine or a threonyl adenylate posttransfer editing pathways exist in that enzyme (Beuning and Musier-Forsyth, 2000; Musier-Forsyth and analog (thr-AMS) (Sankaranarayanan et al., 2000) . These structures showed that the zinc ion is involved directly . However, this is not a classical case for editing, since the edited noncognate amino acid, in amino acid recognition by interacting with both the amino and the hydroxyl groups. This mode of interaction alanine, has no structural or chemical similarity to proline. In fact, few amino acids corresponding to class II of threonine explained readily how the isosteric valine is rejected by ThrRS. However, it could not explain how synthetases show similarities like isoleucine/valine or valine/threonine pairs. Problems may be encountered serine could be rejected. The methyl group, which distinguishes threonine from serine, is interacting through two by AlaRS, which has to discriminate against glycine and serine, and by ThrRS which has to discriminate against van der Waals contacts, of which only one involves a ThrRS invariant. Since serine and threonine are present serine and valine. In a study performed with AlaRS, an editing activity was indeed observed (Tsui and Fersht, in the cell at similar concentrations (Raunio and Rosenqvist, 1970), the discrimination factor may be estimated 1981). However, no structural information is yet available on the AlaRS system. by comparing the ratio k cat /K m for serine to that for threonine, in the amino acid activation reaction. The experiIn the case of ThrRS, the first crystal structure of the E. coli synthetase complexed with its cognate tRNA and mental value, 10 Ϫ3 , does not meet the accuracy level expected for the aminoacylation reaction, for which a AMP (Sankaranarayanan et al., 1999) showed that the protein is made of two limbs, one comprising the catamaximum value of 10 Ϫ4 has been measured (Loftfield and Vanderjagt, 1972). Therefore, the mechanism of dislytic domain and the anticodon binding domain, and the other the two domains N1 and N2, corresponding to the crimination of serine by ThrRS remained unclear. The presence of a water molecule as the fourth zinc ligand characteristic N-terminal extension of ThrRSs. The two limbs are linked by a long helix ( Figure 1A ). In addition in the absence of the amino acid (Sankaranarayanan et al., 1999) suggests that the zinc ion could be involved to the catalytic core, which makes contacts with the 
Results and Discussion
Structure of the Complex of ␦N-ThrRS methyl groups from Ala513 and Thr482. The position of with ser-AMS these two residues is unchanged in the ser-AMS struc- Figure 1A shows the structure of the wild-type enzyme ture, in spite of the absence of the methyl group. The and the localization of the regions that are discussed in displacement of the polypeptide chain 417-466, which the present study. The truncated ␦N-ThrRS contains the was associated with the binding of threonine, is seen catalytic and the anticodon binding domains and is fully also in the case of serine, leading to the same interaction functional in the activation of the amino acid (Sankaraof Tyr462 with the amino group. Moreover, the water narayanan et al., 2000). Our attempts to crystallize ␦N-molecule that was observed in the threonine binding ThrRS in the presence of free serine failed; however, site is also present. Apart from the lack of the two weak crystals could be obtained in the presence of an analog interactions of the side chain methyl group of threonine, of seryl-adenylate, seryl-sulfamoyl adenosine (ser-AMS), the structure shows that efficient discrimination of serwhich diffracted to 1.65 Å resolution. The structure was ine from threonine is not possible at this site. solved using the coordinates from the structure of ␦N-ThrRS complexed with the threonyl adenylate analog as the starting model. The adenylate analog was not (Figure 1B) . The superposition of the two analogs is shown threonine or serine was followed in parallel experiments with the truncated ␦N-ThrRS. The data show clearly that in Figure 1C . In the case of threonine, the methyl group was stabilized by two van der Waals interactions, with serine can be attached to tRNA Thr at a significant rate. With a 10-fold increase of the enzyme concentration Schimmel, 1972). It is linked to the specific removal of an amino acid mistakenly bound to the tRNA (Eldred and a 3-fold increase of the amino acid concentration, and Schimmel, 1972) and was used to follow the editing the plateau level with serine is comparable to that with activity in IleRS and ValRS (Lin et al., 1996). The measure threonine. This indicates that ThrRS deprived of the is direct and does not depend on the purity of amino N-terminal domains has lost the capacity to discriminate acid stocks. Usually, the major difficulty with this test serine against threonine, while being still active in the is to produce the substrate, the mischarged aminoacyltRNA aminoacylation. In a previous study of the active tRNA, which can only be obtained with some synthesite of ThrRS (Sankaranarayanan et al., 2000), we foltases handled in rather harsh conditions (Giegé et al., lowed the activation reaction, which combines the 1971). Here, ␦N-ThrRS provides an easy way for its synamino acid and ATP to produce the aminoacyl-adenylthesis. Figure 2, (Figure 4) . Those point mutations thus allow a clear localization of the editing site in the cleft of the N2 domain. Since AlaRS has also been shown to perform editing, the present observation suggests that the sequence similarity of AlaRS with the N2 domain of ThrRS could be linked to an analogous editing activity.
The group of three histidines and one cysteine adjacent to the editing cleft are in a spatial arrangement Figures 3B and 3C ) is charactercannot exclude that another metal is the natural ligand. ized by two groups of conserved residues. One group The function of this metal remains to be defined. forms the cleft and includes residues Asp180, Lys156, and Tyr104. Another group of conserved residues, His73, His77, His186, and Cys182, lie adjacent to the A Model for the Class II Editing Reaction The finding of an essential zinc ion in the catalytic site cleft. The conservation of these residues is very high for both the bacterial and eukaryotic worlds, but has no of ThrRS and the coordination of that ion to a water molecule had suggested that the zinc could be a cataequivalents in archaea, where the N-terminal extension of ThrRS is very different. A similarity of sequences belyst, and an appealing idea was that the metal ion played a role in correcting misactivations (Sankaranarayanan tween ThrRS and AlaRS was highlighted in the N-terminal region (Sankaranarayanan et al., 1999) . The group et al., 1999). This possibility is now ruled out since the crystal structure in the presence of ser-AMS shows that of histidines and cysteine, in the disposition HxxxH, CxxxH, was a key to identify the domain of AlaRS homolserine binds the zinc ion in the same manner as threonine. As a consequence, not only threonine but also ogous to the N2 domain. In AlaRS, the sequence conservation of this domain extends also to the archaeal world. serine is activated by ThrRS (Sankaranarayanan et al.,  2000) . This cannot be tolerated, since there are proteins In order to precisely localize the editing site of ThrRS, point mutations were made in the two groups of residues in which a substitution of serine for threonine would be fatal to the cell, and a correction mechanism is therefore surrounding the N2 cleft. A double mutant was engineered, where both His73 and His77 were replaced by necessary. The existence of a correction mechanism at the level of the aminoacyl-tRNA has been shown by alanines. As for the truncated ␦N-ThrRS, this mutant protein is no longer able to deacylate ser-tRNA Thr and following directly the deacylation of mischarged tRNA. We have also shown that the serine-specific posttransconsequently charges tRNA Thr with serine, as shown in Figure 4 . This mutant enzyme is however as efficient fer deacylation activity depends on some key residues located around a cleft in the N2 domain of ThrRS, which as the wild-type enzyme in aminoacylating tRNA Thr with threonine, with k cat /K m close to 10 s Ϫ1 M Ϫ1 (20 s Ϫ1 M Ϫ1 is thus identified as the editing site. The structural data do not provide any evidence for hydrolysis at the prefor the wild type). Thus, this mutation affects only the editing activity of ThrRS, showing that the region encomtransfer level in ThrRS. All protein residues involved in the transfer of the cognate or noncognate aminoacyl passing His73 and His77 is involved in the specific hydrolysis of the ser-tRNA Thr . In a second experiment, moiety on the tRNA are correctly positioned for the transfer to occur readily when the tRNA enters the cataAsp180, a highly conserved residue in nonarchaeal of the tRNA core from the synthetase. In that respect, the interaction of tRNA Thr with ThrRS at the level of the minor groove of the accepting arm may be important. The structure of the ThrRS-tRNA complex (Sankaranarayanan et al., 1999) pictured this specific interaction as a clamp that enhanced the tightness of the tRNA binding. In our editing model, we predict that this interaction would not be disrupted by the translocation of the CCA end, and, on the contrary, could act as a wedge allowing the CCA end to rotate so that the noncognate amino acid readily finds the editing site. A strong interaction of the class II synthetase at the level of the minor groove of the tRNA could even be a prerequisite for such a translocation mechanism. Interestingly, this model could as well apply to AlaRS, the other class II synthetase with a proven editing activity (Tsui and Fersht, 1981) . In the conformational change also opens a channel, which is required for pretransfer editing, allowing the adenylate to shuttle between catalytic and editing sites (Silvian et lytic site. Also, the ThrRS structure shows no path that al., 1999). In ThrRS, analysis of the structure suggests the ser-AMP could follow to go from the catalytic site that no such movement of the editing domain is necesto the editing site without releasing in solution. Theresary and the pretransfer mechanism has not been obfore, we conclude that the only way for the activated served. noncognate aminoacid to reach the editing site is by
The current study presents clear evidences for the being attached to the tRNA CCA end. This implies that localization of the editing site of ThrRS in the cleft of a shuttle mechanism is required for the CCA end of the the N2 domain. An interesting observation relates to the misactivated ser-tRNA Thr to come into the editing site. cluster of residues (His73, His77, His186, and Cys182) Unimolecular substrate translocation is a process that that could coordinate a metal ion. The fourth ligand has been discovered in DNA replication and translation cysteine exhibits a weaker electron density, which sugto ensure the fidelity of protein synthesis. In the case gests an inherent mobility. Improved methods for building protein models in electron density maps and the location of errors in these models. Acta Crystallogr.
